The presence of small trout together with fairy shrimp (Chirocephalus diaphanus) in isolated corrie lakelets in the French Pyrenees suggests that the fish might be agents of dispersal of the shrimp, if resting eggs could survive ingestion and freezing. Resting eggs in ovigerous females of Chirocephalus diaphanus can pass through the digestive tract of a trout and be subsequently frozen without losing their viability. Subsequently fecal pellets were collected from each fish. The gut passage time of C. diaphanus eggs were up to 4 days. Resting eggs recovered from fecal pellets were counted, frozen and then incubated. Hatching of nauplii began after 32 days, and 50.9% (sd. 29.4) hatched over the following 7 days. Ovigerous females of lab cultured C. diaphanus were administered to four trout Salmon trutta kept in separate tanks. Therefore, fish can aid upstream dispersion of these fairy shrimp.
INTRODUCTION
We observed Chirocephalus diaphanus (Prévost, 1803) in four small corrie lakes (a steep-walled semicircular basin in a mountain), fed from melt water and springs, in the northern part of the Massif Du Canigou. The solid mass of Canigou culminates to 2784 m. at the eastern end of the chain of the French Pyrenees. The shrimp reproduce during July and August in these high altitude habitats (2390-2440 m a.s.l.) and die in September. The headwaters merge in the River Cady, and reach the Mediterranean as the River Têt. Chirocephalus diaphanus has not been found in any other pool in the region, nor in the southern part of the Pic Du Canigou, although there are many suitable habitats. During winter, all corrie lakes freeze to the bottom, which kills all fish but preserves the resting eggs containing diapausing embryos. Next spring, a new cohort of fairy shrimp hatches from hibernating resting eggs and matures free from fish predation until the lakes are re-connected. The lakes are interconnected by a braided drainage pattern of intermittent streams. These are too shallow to allow adult trout Salmon trutta (Linnaeus, 1758) to migrate upstream. However, in any of the four lakes young trout can be found during the summer immigrating as fingerlings.
While passive dispersal of resting eggs could distribute Chirocephalus downstream, we wanted to evaluate whether a transport of resting eggs by juvenile trout may enable the colonisation of lakes upstream and contribute to subsequent persistence of fairy shrimp populations upstream. However, three conditions have to be fulfilled: 1) the trout must consume ovigerous C. diaphanus, 2) the resting eggs in the brood pouch of these females must pass the digestive tract of the fish, and 3) the resting eggs must hatch after being defecated from the fish and being frozen. The aim of this study is to test these conditions.
MATERIAL AND METHODS
Young trout (Salmo trutta Linnaeus, 1758) were delivered by the aquaculture department of Institute for Forestry and Game Management. Ovigerous female fairy shrimp were obtained from our stock laboratory cultures and checked for full-grown resting eggs in the brood pouch using a stereomicroscope (WILD M5). Mature resting eggs have a sculptured brown shell when they are ready to be released, at that moment they were fed to the trout.
The experimental system consisted of 4 small trout containers (40 3 25 3 30 cm), each with 1 mm 2 mesh size on one side, placed in a large tank (200 3 50 3 60 cm). Temperature controlled water (10 6 18C) was pumped into each trout container and aerated as it entered. Overflowing water from the tank was recirculated to the trout container through a biological filter. The trout (4-5 cm) were kept individually in the containers for up to 8 months, showing no signs of stress and fed dry pellets (TROUVITÔ) three times a day. An extra light was switched on before feeding, stimulating the conditioned fish to wait at the spot where the feed should fall into the container. They immediately consumed each falling pellet, so waste was kept to a minimum. The trout were fed adult male fairy shrimp next to the artificial feed for eight months as a training period. Every shrimp was consumed.
Prior to experimental feeding, all debris from the bottom of the trout containers was siphoned off. Twenty ovigerous females were fed to each trout (time ¼ 0), and the fish returned to their usual food. After experimental feeding, fecal pellets were collected as they were produced, and sieved over a 100 lm mesh size. The resting eggs were isolated, counted under a stereomicroscope (WILD M5) and frozen (À 5 6 18C) for 4 days in their aquatic environment (tap water). Then the ice was melted at 48C. The melt water was replaced with distilled water, and the temperature raised to 15 6 18C following Hall (1952) . Five batches of resting eggs that passed the digestive tract of the trout were prepared for hatching.
The hatching was monitored daily. When present, the nauplii were counted and removed. Resting eggs in which the nauplius was not able to leave the shell were not included in the results.
As a control, we collected five times resting eggs from the bottom of the Chirocephalus stock culture. These resting eggs were treated identically as the ones recovered from the feces.
RESULTS
Resting eggs were isolated from the faeces up to 5 days after feeding ovigerous shrimp to the trout. More than 80% of the recovered resting eggs were found during the first two days (Fig. 1 ) in intact condition. Hatching started 32 days after replacing the melted water by distilled water. Hatching continued for 7 days, and 50.9% (sd. 29.4) of the resting eggs found in the faeces produced free swimming nauplii. Over the same period, 38.0% (sd. 33.4) of the control resting eggs hatched (Fig. 2) .
DISCUSSION
Our results support the hypothesis that fairy shrimp could disperse upstream through phoresy by young trout. Trout do eat ovigerous females, and resting eggs recovered from faeces produce viable nauplii. Viable resting eggs of fairy shrimp have been found in feces, e.g., mallard duck (Anas platyrhynchos Linnaeus, 1758), killdeer (Charadrius vociferus Linnaeus, 1758) (Proctor, 1964; Proctor et al., 1967) , crayfish (Faxonella clypeata (Hay, 1899)) (Moore and Faust, 1972) and salamander (Ambystoma tigrinum nebulosum Hallowell, 1852) (Wissinger et al., 1999; Bohonak and Whiteman, 1999) . Viable resting eggs of the brine shrimp Artemia sp. were found in feces of flamingo (Phoenicopterus ruber roseus Pallas, 1811) and shell duck (Tadorna tadorna (Linnaeus, 1758)) (Mac Donald, 1980) . Wet resting eggs of C. diaphanus survived ingestion and egestion by frogs (Mathias, 1929) . This proves that the resting eggs are able to withstand the acidic conditions in the gut of these animals. The cyst wall of Artemia salina is impervious and resistant to 4 avian enzymes: chitinase, trypsin, lipase and pepsin (Horne, 1966) . Considering these observations, it is not surprising that the resting eggs of C. diaphanus are able to pass the digestive tract of trout.
As it can take the resting eggs up to 5 days to pass the digestive tract of the fish, they may be deposited at a remarkable distance upstream from the place where ovigerous females were consumed. Most eggs were recovered on the first and second day after feeding. Moore and Faust (1972) reported also, after feeding the crayfish with ovigerous females of Streptocephalus sealii (Ryder, 1879) , that most resting eggs were defecated on the first two days of a 4 days period following ingestion.
The hatchability of the resting eggs in our experiment was even better than in the control 50.9% (sd 29.4%) versus 38.0% (sd 33.4%). Moore & Faust (1972) noticed also a higher hatchability percentage in their experiments (36%) than in the control (22%). Daborn (1976) reported collecting a Polyartemiella hazeni (Murdoch, 1884) male from the stomach of a rainbow trout (Salmo gairdneri Richardson, 1836) a tremendous distance of 1600 km from the fairy shrimp's natural distribution in the Arctic Circle. The trout are not able to survive when the lakes freeze solid. Resting eggs that pass the winter on the frozen bottom of the lakes hatch in the melt water next spring. The shrimps are able to grow and to reproduce before young trout from downstream could get to the lakes. Older trout are not able to reach the lakes, as the connecting brooks are only centimeters in depth. Young trout, however, colonise even melt water of glaciers, taking resting eggs as propagules.
There are several reasons why birds are excluded as vectors for the Corrie lake C. diaphanus populations. Unlike Artemia sp., resting eggs of C. diaphanus do not float. This makes it difficult for ducks or other waterfowl, foraging at the water surface, to gather resting eggs. Furthermore, no waterfowl were observed during our visits (June-September) to the corrie lakes during the reproductive period of the shrimp. None of the resident bird species feed on fairy shrimp. Migratory waterfowl are unlikely to transport resting eggs, because the migration period does not coincide with the breeding season of the shrimp, and the birds follow the coastal lowland in search of open water, not the high mountains. Moreover, the lakes are deep and clear, so any movement above the water surface by a potential predator stimulates the shrimp to escape to deeper regions, eliminating the probability of consumption. The fact that it takes approximately one month for the resting eggs to hatch after they have been frozen may be an adaptation to the unpredictable environmental conditions. If the resting eggs hatched rapidly, nauplii would risk freezing.
To our knowledge, this is the first report showing that anostracan resting eggs can survive the passage through the digestive tract of fish.
